). Abundance of pocilloporid and poritid, but not acroporid, recruits at each site was often correlated with adult cover indicating either aggregative settlement or limited dispersal. Recruitment hotspots are likely to be both sources and sinks for some taxa, and therefore identifying and protecting hotspots should be a high priority in marine reserve design.
Introduction
Recruitment is a critical point in an organism's life history, an important aspect of population biology, and variation in recruitment can be a major determinant of assemblage structure for reef corals (Done 1982 , Connell et al. 1997 , Hughes et al. 1999 . Coral populations are also generally dependent on sexual recruits for recovery after catastrophic disturbances (Sammarco 1985) . Since re cruitment variation plays such a vital role in population and community dynamics, the causes and outcomes of re cruitment variation at various scales have been evaluated in many studies (see reviews by Hughes et al. 2002 , Glassom et al. 2004 . In open marine populations, sites that receive consistently high levels of recruitment are known as "recruitment hotspots" (sensu Booth et al. 2000) . These may play a major role in determining the abundance and persistence of subpopulations through Spatial variation in coral recruitment at the scale of individual reefs (hundreds of meters to kilometers) has been well documented (Hughes et al. 2002) . The emphasis has, however, been on either very small (millimeters to meters) (Sammarco and Carleton 1981 , Sakai and Yama zato 1984 , Kuffner and Paul 2004 or very large (thousands of kilometers) scales (Smith 1992 , Hughes et al. 1999 , 2000 . Variation at the scale of individual reefs, such as platform reefs or atolls is, however, often significant (Babcock 1988 , Dunstan and Johnson 1998 , Soong et al. 2003 ) and contributes to a substantial portion of overall variation (Hughes et al. 1999 , Glassom et al. 2004 ).
Understanding variations in recruitment at the reef scale are particularly important, because this is often the scale at which coral reefs are managed and marine reserve boundaries are designated (e.g. Sobel and Dahlgren 2004) .
In addition, identifying recruitment hotspots is vital for the optimal placement of reserve boundaries, particularly if multiple uses are allowed within a single reef. Re cruitment hotspots are a logical choice for protection because of their potential for rapid recovery from dis turbance; however, they may also be suitable for extraction or tourism due to their natural resilience.
Spatial variation in recruitment will be affected by microhabitat and substratum Hughes 2000, Baird et al. 2003 ) both of which vary greatly around reefs. The location of adult conspecifics may be particularly important because larvae may choose to settle in areas where adults are abundant i.e. aggregative settlement (Mundy and Babcock 2000 , Carlon 2002 , Vermeij 2005 .
A positive relationship between recruit density and adult abundance might also be expected in brooding species, which release motile planulae that often settle near their parent colonies (Harii and Kayanne 2003 , Soong et al. 2003 , Vermeij 2005 and in broadcast spawning species with eggs that develop rapidly (Nakamura and Sakai 2010) . Recruitment variation and the location of hotspots may also be influenced by hydrodynamics, which controls the supply of propagules to particular areas of reefs (Hamner and Hauri 1981 , Black and Moran 1991 , Carleton et al. 2001 ) and these patterns are likely to recur annually (Oliver et al. 1992 , Sammarco 1994 ) causing recruitment hotspots. Instantaneous current speeds also affect settle ment in many species of invertebrate larvae (Butman et al. 1988 , Pawlik and Butman 1993 , Watson and Barnes 2004 including corals (Harii and Kayanne 2002) .
The primary objective of this study was to identify recruitment hotspots for three coral families (Acroporidae, Pocilloporidae and Poritidae) at One Tree Reef and to test whether or not recruitment hotspots were associated with hydrodynamic patterns, adult abundance and/or habitat.
In addition, we use a manipulative experiment to test whether larval settlement is influenced by water flow and sitespecific settlement substrata.
Materials and methods

Spatial and temporal patterns in coral recruitment
Coral recruitment was monitored at 20 sites chosen to represent the range of hydrographic conditions and habitat occurring in the lagoon and on the reef slope surrounding One Tree Island (23°30′S, 153°67′E) on the southern Great Barrier Reef (GBR) (Fig. 1) . Twelve sites were located in the lagoon and 8 on the reef slope. Sites were separated by 100 m to five km.
To monitor coral recruitment, 10 replicate (11×11× 1 cm) unglazed terracotta tiles were attached individually to the reef (following Mundy 2000) on five occasions over the threeyear study period (Table 1) . Tiles were spaced randomly along the reef substratum between one and three metres apart. , or brooding species that release larvae over a longer period (Kojis and Quinn 1981, Tanner 1996) . Recruitment monitored over the five month period from November to March should capture the majority of annual recruitment (e.g. Wallace 1985) . Tiles were attached at depths of 1-2 m in the lagoon and 5-7 m on the slope, 2 weeks before the full moon preceding massspawning events in November. Tiles were collected 8 weeks later and the next set of tiles was deployed. An 8week interval was chosen as this is commonly accepted as a reasonable time period to minimise losses due to postsettlement mortality, but to allow sufficient development to facilitate taxonomic resolution . Once removed, tiles were bleached in a dilute chlorine solution to remove all organic material and coral recruit skeletons on all surfaces (top, bottom and sides) were counted using a stereo dissector microscope and identified to family level ).
All analyses were carried out separately for the slope and lagoon habitats and for each coral family. Twoway (Zar 1999) . Significance was taken at α＜0.05 unless otherwise stated. Recruitment hotspots were de termined as sites that were ranked first or second in order of greatest mean recruitment per tile on three or more occasions.
Estimating the relative abundance of adult cover
Two types of surveys of benthic assemblages were sand, algae and other invertebrate, although here we con centrate on the three categories that could be matched with coral recruits; acroporids, pocilloporids and poritids.
Both types of surveys were repeated annually for three years in the lagoon (2002, 2003, 2004) and two years on the slope (transects 2002, 2003 and quadrats 2003 and 2004) . Pat terns of percentage cover remained relatively consistent therefore the average cover for each coral family over three years was used in analyses.
Linear or curvilinear correlations between the mean number of recruits and mean percent cover of adults at each site were examined to detect relationships for each family at both transect and quadrat scales. Pearson's Cor relation Coefficient was used to determine the amount of variation described by each relationship and Least Squares Regression and Curve Estimation (SPSS 14.0) were used to determine significance. Residuals were examined to con firm that data was normally distributed. Use of re gression assumes that recruitment is dependent on adult habitats rather than adults being dependent on recruitment.
Estimating water flow
The dissolution of clod cards was used to compare mass water flow among sites in the One Tree lagoon (Fulton and Bellwood 2005) . This method was chosen because the integrated effect of circulation over a critical period is thought to be more important to recruitment than currents at any one time (Sammarco and Andrews 1989) . 
Settlement choice of coral larvae
To compare the relative influences of hydrodynamics and settlement substrata on rates of recruitment, Acropora nasuta larvae were given a choice among settlement tiles conditioned at four sites under both low (2.1 cm s ), but much lower than maximum current speeds, which can reach up to 130 cm s −1 (Kingsford and Finn 1997) . Medium flow speeds were used rather than high flow speeds due to field patterns showing greater recruitment at sites with medium flow.
Six gravid colonies of Acropora nasuta were collected from the leeward reef slope (near sites 15 and 16) a few days before they were predicted to spawn and held in flowthrough aquaria. Five of the 6 colonies spawned and after 68 h approximately 2,500 motile larvae were added to each of 10 tanks consisting of circular plastic 35 l tubs of diameter 38 cm. Tanks were filled by a tap located at the top of each tub and drained from the centre through a 210micron mesh sock (larvae were approximately 500 were used on this occasion because fewer conditioned tiles were available. Four days after larvae were introduced into the tubs, tiles were removed and the number of live coral larvae settled to all surfaces on each tile was counted under a dissecting microscope. All recruits censused were clearly of recent origin, consisting of a single primary polyp indicating they were less than 2 weeks old . Data were analysed using a fully fixed or thogonal twofactor ANOVA. Data were log (x＋1) trans formed following an examination of residual plots.
Results
Spatial and temporal patterns in coral recruitment
Spatial patterns of pocilloporid recruits among sites were highly consistent over time (Fig. 3) had the highest summed ranks with a difference of 12.5 to the next nearest site (Table 2 ). Despite changes in the rank order of low recruitment sites, there was no significant interaction between Site and Time (Table 3) , further in dicating that the magnitude of relative differences among sites were consistent.
Pocilloporid recruitment was lower in the lagoon than on the reef slope but patterns among sites were consistent in rank order through time. Site 7 was ranked highest in mean recruitment on every occasion, and site 8, was ranked second on four out of five occasions. Both these sites are to the north of the reef. Site 7 had between 1.2 and 2.6 times more recruitment than site 8, and 2.5 to 7.2 times more than the next highest site. Site ranks were concordant among occasions (Wc＝0.59; (χr 2 )c＝32.5; p＜ 0.001), and sites 7 and 8 had the highest summed ranks, with a difference of 13.5 to the next nearest site (Table 2) , however, a significant interaction between Site and Time indicates variation in the magnitude of differences among sites depending on occasion (Table 3) .
On all occasions poritid recruitment was low relative to other taxa (Fig. 4) •＝a recruitment hotspot i.e. the site was ranked first or second in order of greatest mean recruitment per tile on three or more occasions •＝a recruitment hotspot i.e. the site was ranked first or second in order of greatest mean recruitment per tile on three or more occasions lagoon: Wc＝0.39; (χr 2 )c＝21.4; p＜0.05), with sites 5 and 6 in the lagoon and sites 14 and 18 on the slope being having the highest summed ranks with differences of 2.5 and 8.5 to the next nearest sites respectively (Table 2) .
There was no significant interaction between Site and Time (Table 3) indicating that recruitment patterns among sites were consistent. Exceptionally low recruitment rates overall, however, meant that these results may reflect similarly low recruitment at all sites on all occasions, rather than similar patterns of high and low recruitment among sites during each occasion.
The role of adult cover on patterns of coral recruitment
Mean recruitment of pocilloporids was positively ex ponentially correlated with percent cover of conspecific adults at quadrat and transect scales in the lagoon, and linearly correlated with adults at the transect scale for the slope. There was no relationship between mean pocil loporid recruitment and cover of adults in quadrats on the slope. In the lagoon (Fig. 6a) , adult cover described 73
and 55% of the variation in mean recruitment in quadrats and transects respectively. The mean percent cover of pocilloporid adults in transects explained 82% of the variation in mean pocilloporid recruitment on the slope.
Poritid recruitment was positively linearly correlated tiles were conditioned on the slope (Fig. 8b) . The site of tile conditioning had no effect for either the slope or lagoon nor was there any interaction between the factors. 
Discussion
Recruitment hotspots were identified for all taxa in both lagoon and slope environments. This suggests that the rank order of recruitment among sites within a reef may be highly predictable, even though the magnitude of differences may vary from year to year. Clearly both de terministic and stochastic processes affect recruitment variation at reef scales. Recruitment hotspots were most prominent for pocil loporids and all of these hotspots were located on the western side of the island (adjacent sites 7, 8 in the lagoon, adjacent sites 13 and 14 on the slope: see Fig. 1 ). Consis tency in spatial patterns of pocilloporid recruitment be tween years also occurred in the Red Sea (Glassom et al. 2004 ) and other studies have found greater spatial vari ation in recruitment in pocilloporids at reef scales (Babcock 1988, Baird and Hughes 1997, Dunstan and  Johnson 1998) when compared to acroporid recruitment.
Hydrodynamics may be influencing pocilloporid hotspots at One Tree since hotspots sites were adjacent in both habitats, and also because one site in the lagoon (site 7)
was a hotspot for both pocilloporids and poritids and one site on the slope (site 14) was a hotspot for both pocil loporids and acroporids. Pocilloporid recruit abundance was, however, also positively correlated with adult cover in the lagoon and slope. The importance of adult cover may be driven by the development times of propagules.
Higher local retention would be expected to occur in taxa which brood larvae that are capable of settlement im me diately on release, like the most abundant pocilloporids on the GBR which include Pocillopora damicornis, Stylo phora pistillata and Seriatopora hystrix (Baird and Babcock 2000; Morse 2001, Tioho et al. 2001) and also in taxa with smaller eggs that develop rapidly (Nakamura and Sakai 2010) , which include the locally abundant spawning species Pocillopora verrucosa and P.
eydouxi (Baird et al. 2009a) . Planulation in these three pocilloporid species cooccurs with the mass spawn ing period in the southern GBR (Tanner 1996) and the recruitment tiles were placed at the correct time to captured this event. Whether or not these recruits persist and ultimately maintain the adult population is unknown, however, because DNA analyses suggest that sexual re cruits may not substantially contribute to adult populations at One Tree Reef (Sherman et al. 2006 ).
In addition to the combined pocilloporid and poritid Larvae in a tub were subject to either low or medium flow conditions and the xaxis shows the site at which each of the 4 settlement tiles within the tanks were conditioned. Tiles were conditions at sites labelled as in Figure 1 . (a) larval settlement choice for tiles conditioned at four lagoon sites (n＝3) and (b) for tiles conditioned at four reef slope sites (n＝2) recruitment hotspot at site 7 in the One Tree lagoon, poritid hotspots were also located at adjacent sites 17 and 18 on the slope (see Fig. 1) . A relationship between re cruits and adults was found for poritids on the reef slope, however, there was no relationship between recruits and adults for this family in the lagoon. While the majority of poritids are broadcast spawners, some species brood larvae, including the locally abundant Porites murrayensis, which planulates from November to April on the southern GBR (Kojis and Quinn 1981) . Differences in poritid recruitadult relationships between the lagoon and slope may reflect differences in poritid species assemblages between habitats and the prevailing reproductive strategies of these species.
Recruitment hotspots were also evident in the Acropora at adjacent sites 5 and 6 in the lagoon (see Fig. 1 ) and sites 14 and 19 on the reef slope; however, the factors driving these patterns were not clear. Adult cover and recruit abundance was not correlated, so selfrecruitment is un likely to explain these patterns, and nor would we expect a relationship given all acroporid recruits were from spawning species (i.e. there were no isoporan recruits censused on recruitment tiles). Similarly, given that the two hotspots observed on the slope were on opposite sides of the reef, prevailing currents are also unlikely to explain this pattern. Two sites that ranked consistently high in the lagoon were, however, located in close proximity on the eastern side of the lagoon and so it is possible that hy drodynamics may play a role in driving these patterns,
including factors that were not tested here, such as flow direction.
In the lagoon, recruitment hotspots were commonly areas of medium water flow, however, not all sites with medium water flow were recruitment hotspots. High re cruitment at medium flow sites may also be related to larval supply: sites with the lowest levels of water flow may receive very little input of larvae (Black and Moran 1991, Harriott and Simpson 1997) , while at sites with high levels of flow, larvae are can't settle. ) while greatest settlement in Heliopora coerulea larvae (50%) occurred in still water. Our results suggest that greatest recruitment of acroporids may occur under very low flow conditions, and so hydrodynamic features and neap tides may be of more importance for recruitment in this taxon. We recommend examination of such flow events on the reef slope rather than the meas urement of average current speed for future studies.
In conclusion, recruitment 'hotspots' were identified for three coral families in the lagoon and on the slope at One Tree Reef. Recruitment hotspots were correlated with adult cover for pocilloporids and poritids but not acro porids, possibly reflecting differences in the development times of propagules among these taxa. In the lagoon, recruitment hotspots were located in areas with medium levels of water flow relative to other sites in the same habitat, and flow speed was a good predictor of settlement density of Acropora nasuta larvae in controlled aquaria.
However, due to the inherent differences between labor atory and field condition, careful assessment of the re lationship between flow and settlement in the field is required. Further work is required to determine whether recruitment hotspots occur at predictable sites on other platform reefs within the GBR and in other locations and to further examine other factors that may cause recruitment hotspots such as depth, sedimentation and the presence of benthic algae.
